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Inhaled ACE2-engineered microfluidic microsphere
for intratracheal neutralization of COVID-19
and calming of the cytokine storm

Zhen Wang,1 Lei Xiang,1 Feng Lin,1 Zhengwei Cai,1 Huitong Ruan,1 Juan Wang,1 Jing Liang,1

Fei Wang,1 Min Lu,1 and Wenguo Cui1,2,*
Progress and potential

The SARS-CoV-2 pandemic

spread worldwide unabated.

Protection of the whole course of

the respiratory airway remains a

major challenge. In this work,

inhaled microfluidic methacrylate

hyaluronic acid hydrogel

microspheres (termed iAE-PMS)

have been genetically engineered

with ACE2 membranes and

proinflammatory macrophages

for competing viruses and

cytokine binding. The iAE-PMS

with wide distribution enables

deposition throughout the

respiratory system, providing

protection for not only the lung

but also the upper respiratory

tract and nasopharynx.

Furthermore, iAE-PMS presents

clearance by the swinging of the

cilia and enzymatic hydrolysis. The

microspheres captured by cilia

effectively reduce the virus output

from the infected person to the

environment. The respiratory-

confined degradation significantly

avoids systemic viral spreading.

This inhaled microsphere is

proposed as a powerful synergic

strategy for the treatment of

patients with severe COVID-19 via

non-invasive administration.
SUMMARY

The SARS-CoV-2 pandemic spread worldwide unabated. However,
achieving protection from the virus in the whole respiratory tract,
avoiding blood dissemination, and calming the subsequent cytokine
storm remains a major challenge. Here, we develop an inhaled mi-
crofluidic microsphere using dual camouflaged methacrylate hyal-
uronic acid hydrogel microspheres with a genetically engineered
membrane from angiotensin-converting enzyme II (ACE2) recep-
tor-overexpressing cells and macrophages. By timely competing
with the virus for ACE2 binding, the inhaled microspheres signifi-
cantly reduce SARS-CoV-2 infective effectiveness over the whole
course of the respiratory system in vitro and in vivo. Moreover,
the inhaled microspheres efficiently neutralize proinflammatory cy-
tokines, cause an alternative landscape of lung-infiltrated immune
cells, and alleviate hyperinflammation of lymph nodes and spleen.
In an acute pneumoniamodel, the inhaledmicrospheres show signif-
icant therapeutic efficacy by regulation of the multisystem inflam-
matory syndrome and reduce acute mortality, suggesting a power-
ful synergic strategy for the treatment of patients with severe
COVID-19 via non-invasive administration.

INTRODUCTION

COVID-19 is continuing to spread worldwide, with more than 140 million reported

cases and 3 million deaths across approximately 200 countries. Although the symp-

toms in most cases are mild, 15% of patients, especially with immunodeficiency,

developed severe cases as a consequence of rapid viral vascular leakage and subse-

quently disseminated viremia.1–3 Moreover, accumulation of inflammatory cells prin-

cipally activated macrophages occurred in response to the viremia, causing

exuberant inflammatory cytokine and chemokine response, which exacerbates

pneumonia.1 Accumulating clinical evidence confirmed a clear need to control viral

burden for improving COVID-19 mortality and severe illness treatment.2,4,5

Current strategies for preventing SARS-CoV-2 infection are limited to the vaccine

and neutralizing antibodies, both inhibiting the binding of the S protein to the angio-

tensin-converting enzyme II (ACE2) receptor.6–8 These approaches, although un-

doubtedly viable, means that their clinical utility during the pandemics have always

been a major problem. The development of a vaccine requires a time frame that is

not compatible with an emergency, and it is more of a prophylactic approach than

a therapeutic intervention, especially in severe cases.9 Furthermore, the upper res-

piratory tract, including nasal turbinate and nasopharynx, also containing pervasive
Matter 5, 1–27, January 5, 2022 ª 2021 Elsevier Inc. 1
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ACE2-expressing cells, forms a previously neglected infection pathway. Although

there has been some success in suppressing virus infection, especially with the utili-

zation of mimicking nanovesicles, neutralizing antibodies, and vaccination, existing

approaches carry considerable limitations in effective inhibition of SARS-CoV-2

infection and replication in the upper respiratory tract, especially the naso-

pharynx.10,11 Accumulating evidence confirms that the upper respiratory acts, as

the initial site of SARS-CoV-2 invasion, has a higher SAVS-CoV-2 viral load and sub-

sequently seeds infection into the lung.12 Due to the distribution pattern of intrave-

nous or inhaled nanovesicles, to date, whole course protection of the upper and

lower respiratory tract simultaneously remains a major challenge.13 Meanwhile, vi-

ruses in the upper respiratory tract, especially the delta variant, mainly shed into

saliva, enter the environmental air and cause rapid inter-human contamination.14

Moreover, current viral neutralization strategies target a certain viral species, instead

of the affected host cells, and are difficult to apply across diffierent species of vi-

ruses. Human neutralizing antibody- or vaccine-resistant viruses thus emerge owing

largely to the accumulation of the SARS-CoV-2 mutation and, ignoring upper respi-

ratory infection, suggest the potential insufficiency of vaccines as well as neutralizing

antibodies.15–17 Cyclic or inhalation administration of recombinant ACE2 proteins

has also been reported for prevention of coronaviruses18,19; however, it is greatly

restricted due to the inevitable chemical and physical instability and abundant pro-

teases in the bronchoalveolar lavage.20 Furthermore, these therapeutic options have

focused on eliminating the SARS-CoV-2 itself while ignoring other important factors

in the progression of severe COVID-19, such as the indispensable role of anti-inflam-

matory interventions, especially in patients with immune distress who are more sus-

ceptible to viral vascular leakage and aberrant inflammatory responses.21–23 There-

fore, alternative therapeutic interventions that simultaneously exert comprehensive

therapeutic benefits are highly desirable for effective COVID-19 treatment.

To date, the cell-membrane-based therapeutic platform has shed light on therapeu-

tic interventions for infectious and inflammatory diseases due to inheriting associ-

ated functions of source cells and the ability to modulate broad-spectrum inflamma-

tion.24 Decoy nanoparticles fused from cell vesicles have also shown prominent

potential for treatment of COVID-19.25,26 However, for virus clearance, these circu-

lating decoys tend to trap viruses in the blood after viremia occurs, and prophylaxis

of clinical deterioration is still ignored.27,28 Meanwhile, versatile cellular vesicles at

the nanoscale can only reach the edge of deep lungs and are quickly exhaled with

breathing airflow, and so have limited therapeutic effects,28,29 while the naso-

pharynx and trachea are always ignored. In addition, cell culture of human lung

epithelial type II cells is tedious, which is attributed, at least in part, to the require-

ment of growth factors and consequently unintended differentiation into fibro-

blasts.30,31 Moreover, the expression of ACE2 in human lung epithelial type II cells

is far from scale-up production, thereby precluding the advancement of host cell-

based strategies into clinical practice.32,33 Delivery of therapeutic agents, such as

antiviral drugs and corticosteroids, straight to the pulmonary tissue needs safe

and transient improvement of therapeutic agents in the targeted organ, in contrast

to systemic delivery, frequently administered by intramuscular or intravenous injec-

tion.34,35 In this line, aerosol delivery of drugs has been shown to provide transient

pulmonary drug doses, enabling a well-controlled dose drug administered to attain

therapeutic levels and minimize systemic toxicity.36,37

Here, inspired by the process of virus infection from the host point of view, we devel-

oped a microfluidic microsphere-based inhaled aerosol (termed iAE-PMS) to pre-

vent SARS-CoV-2 infection. The inhaled aerosol is fabricated using dual
2 Matter 5, 1–27, January 5, 2022
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Scheme 1. Schematic illustration of the inhaled ACE2-engineered microfluidic microsphere for neutralization of COVID-19 and calming of the

cytokine storm
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camouflaged FDA-approved methacrylate hyaluronic acid hydrogel microspheres

with bioactive membranes from ACE2 receptor-overexpressing cells and proinflam-

matory macrophages. iAE-PMS constructed here creatively achieves simultaneous

distribution over the whole course of the respiratory system, including nasopharynx,

trachea, bronchus, and alveolus. This design provided inhaled aerosol protection

against SARS-CoV-2 invading not only terminal bronchiole and alveoli but also the

upper respiratory tract and nasopharynx, which were both previously neglected by

nanovesicles and vaccines (Scheme 1). This iAE-PMS exhibits excellent enhancement

on the stability of ACE2 and viral neutralizing capacity to susceptible ACE2-overex-

pressing HEK293 cells and lung epithelia. The protective activity against viral infec-

tion of iAE-PMS was shown to increase from 9.28% to 91.33%, 10 times more
Matter 5, 1–27, January 5, 2022 3
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effective than a blank control. Subsequently, in vitro study demonstrated encour-

aging effects of iAE-PMS on broad-spectrum neutralization of inflammatory cyto-

kines, involving TNF-a, IL-1b, and IL-6. Furthermore, inhaled aerosols brings about

a regulated landscape of lung-infiltrated immune cells, significantly rescuing the

lung-damaging immune microenvironment dominated by M1 macrophages, neu-

trophils, and cytotoxic T cells. Remarkably, in vivo intratracheal administration of

the inhaled aerosol to mice with acute pneumonia significantly alleviates the hyper-

inflammatory state by draining the lymph nodes and spleen, improving the survival

ratio from 7.35% to 56.74%, thus suggesting a powerful synergic strategy for the

treatment of patients with severe COVID-19 via non-invasive selective lung-localized

administration.
RESULTS AND DISCUSSION

Preparation and characterization of the iAE-PMS

In this study, inspired by the fact that SARS-CoV-2 infected alveolar epithelial cells

through the ACE2 receptor, HEK293-ACE2 cells with a high level of ACE2 expres-

sion were successfully constructed using an imported ACE2 gene vector. The human

ACE2 gene was inserted into the PCNDA3.1-3XFlag-C vector to construct the ACE2-

PCNDA3.1-3XFlag-C vector (Figure 1A), which then was introduced into HEK293-

ACE2 cells by transfection to obtain cells with high expression of ACE2 with a protein

yield of about 0.47 mg per million cells. Subsequently, we confirmed that the high

level of ACE2 expression on HEK293-ACE2 cells, as measured by immunofluores-

cence imaging and quantitative analysis, that the fluorescence of the HEK293-

ACE2 group was more than 15.6 times that of the HEK293 group (Figures 1B and

1C). Moreover, so far research has shown that virus-linked pyroptosis usually occurs

in alveolar cells after viral infection, and that its products and viral RNA, ATP, and

DNA in the local microenvironment, activate lung macrophages, thereby triggering

local inflammatory response and even inflammatory storm.38 Activated macro-

phages release a large number of cytokines and recruit more macrophages to the

infected area. Therefore, for this mechanism, we obtained proinflammatory macro-

phages defined as M(lipopolysaccharide [LPS] + interferon-g [IFN-g]) by treating

Raw264.7 macrophages with LPS and IFN-g to mimic the source cells that could

neutralize multitudinous and complex immunoregulatory molecules as measured

by the result of the significant upregulation of p-STAT1+ in LPS- and INF-g-treated

groups (Figure 1D). Subsequently, to derive these membranes, the contents of cells

were emptied by the combination of hypotonic dissolution buffer, mechanical

destruction, and differential centrifugation.

With the inducer completely removed from collected membranes, HEK293-ACE2

and M(LPS + IFN-g) mixed vesicles were formed by extrusion through nanopores

on a porous polycarbonate membrane, followed by serial sonication, and then ad-

sorbed to the pores of the microsphere by electrostatic interaction (Figure S1). On

account of their high surface energy, these small nanoscale vesicles, driven by their

tendency tominimize the free energy of the system, bound and fused onto the nega-

tively charged microspheres surface, and ultrasonic mixing enhanced the progress

further.39 The bilayer structure and protein function of the HEK293-ACE2 and

M(LPS + IFN-g) membrane were reserved by this fusion process. In addition, since

the negative charge of the outer surface of the membrane is much more than that

of the inner surface, the right-side-out orientation of HEK293-ACE2 and M(LPS +

IFN-g) vesicles tend to fuse onto the negatively charged HAMA microspheres.

Finally, we successfully synthesized iAE-PMS with dual camouflage of HEK293-

ACE2 and M(LPS + IFN-g) cell membranes. The free vesicles were removed by
4 Matter 5, 1–27, January 5, 2022



Figure 1. Preparation and characterization of iAE-PMS

(A) Schematic illustration of a gene vector containing the ACE2 gene.

(B and C) Immunofluorescence imaging (B) and quantitative analysis (C) of ACE2 expression on HEK293-ACE2 (n = 3). Scale bar, 10 mm.

(D) A representative flow cytometry analysis of p-STAT1 expression on macrophage before and after stimulation with IFN-g as well as LPS (n = 3).

(E) Fluorescent images of HEK293-ACE2- and M(LPS + IFN-g)-fused vesicles on iAE-PMS (green, M1; red, HEK293-ACE2). Scale bar, 20 mm.

(F) Distribution status of microspheres in PBS at 10 and 60 min, respectively.

(G) Western blotting analysis of ACE2, TNFR, IL-1 receptor, IL-6 receptor, and Na-K-ATPase in PMS, iAE-PMS, M(LPS + IFN-g), and HEK293-ACE2, respectively.

(H and I) Representative image of iAE-PMS examined under optical microscopy (H) and scanning electron microscopy (I).

(J and K) Microsphere particle size (J) and pore size analysis (K).

(L and M) Degradation curve of iAE-PMS in RPMI-1640 (L) and alveolar lavage fluid (M) for 15 days (n = 3).

(N) Comparison of the stability of ACE2 by ELISA on iAE-PMS and soluble ACE2 under different conditions (n = 3). Student’s t test was performed. **p <

0.01. Values are mean G SEM.
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washing with phosphate-buffered saline (PBS) three times and this was proved by the

negative absorbance signal of the last washing buffer (Figure S2). Following pre-la-

beling the HEK293-ACE2 and M(LPS + IFN-g) membranes with various fluorescent

dyes before fusion, obvious overlapping of fluorescence signals was observed under

confocal microscopy, which determined that two types of vesicles indeed simulta-

neously modified the microspheres (Figure 1E). To determine the appropriate mem-

brane ratio coated on the microspheres, the iAE-PMS were constructed with

HEK293-ACE2 and Raw264.7 at ratios of 1:1, 2:1, and 4:1 (Figure S3). In the 2:1

group, iAE-PMS achieved maximum virus inhibition effect (87.71% G 5.62%) at

0.8 mg/mL, while 95.41% G 6.57% of initial IL-6 was adsorbed. IL-6 is an important

proinflammatory factor and its inhibitory monoclonal antibody has been approved

for the bio-treatment of COVID-19.40 However, in the 1:1 group, up to 2mg/mL, viral

inhibition efficiency reached 78.32% G 6.59%, and in the 4:1 group the maximum

virus inhibitory concentration only adsorbed 18.34% of the initial inflammatory fac-

tors. Thus, to both satisfy virus inhibition and inflammatory factor adsorption, a

HEK293-ACE2 and Raw264.7 membrane ratio of 2:1 was selected. Furthermore,

characteristic protein bands from western blotting showed key surface antigens,

including IL-1 receptor (IL-1R), IL-6R, ACE2 receptor, TNF receptor (TNFR),

and Na-K-ATPase were successfully enriched on iAE-PMS, further indicating the

translocation of HEK293-ACE2 and M(LPS + IFN-g) cell membranes onto the hydro-

gel microspheres (Figure 1G). As measured, in this study, the total membrane

coating efficiency (CE) measured with Na-K-ATPase of iAE-PMS was about

83.53% G 2.44% at a HEK293-ACE2 and Raw264.7 membrane ratio of 2:1. Mean-

while, the loading efficiency (LE) for functional proteins of ACE2, TNFR, IL-1R, and

IL-6R were approximately 88.93% G 3.21%, 81.56% G 6.32%, 85.63% G 7.28%,

and 72.71% G 5.45%, respectively. By enriching ACE2 on the surface, iAE-PMS

served as a decoy to compete to bind with pseudoviruses and authentic SARS-

CoV-2 to protect source cells from virus infection.

The deposition site of particles in the respiratory system was determined by its aero-

dynamic diameter (Dare), which reflects its settling velocity in still air. It has been well

demonstrated that the microspheres with Dare greater than 10 mm are mainly depos-

ited in the oropharynx, while those with Dare of 5–10 mm are mainly deposited in the

upper airway.41,42 SARS-CoV-2 invades the human body through acting with ACE2

receptors in the alveoli. Therefore, to achieve competition with virus, effective distri-

bution of inhaled microspheres is required in the lower respiratory tract. However,

there has been accumulating evidence that the upper respiratory tract has the high-

est SAVS-CoV-2 viral load at or soon after symptom onset. This in turn seeds infec-

tion into the alveoli, resulting in a persistent increasing risk of the lower respiratory

infection. In addition, viruses in the upper respiratory tract mainly shed into saliva or

sputum, entering the environmental air through breathing or coughing and infecting

healthy people. However, neutralizing antibody or vaccine are powerless against up-

per respiratory virus. Meanwhile, the upper respiratory tract, including nasal turbi-

nate and nasopharynx, also contain pervasive ACE2-expressing cells and form a pre-

viously neglected infection pathway. Hence, to realize the protection of the whole

respiratory tract and reduce viral transmission in humans, we produced a series of

microspheres, with median aerodynamic diameters of 7.89, 6.63, and 4.21 mm, by

adjusting the flow rate ratio of the microfluidic device (10:1,200, 10:2,400, and

10:4,800). HEK293-ACE2 membrane-derived nanovesicles with aerodynamic diam-

eters all less than 2 mm were used for comparison (Figures S4A and S4B). We evalu-

ated the distribution of inhaled microspheres with different sizes in different parts of

the respiratory system (Figure S4C). The results showed that microspheres in the

10:2,400 group, with aerodynamic diameters of 0–2 mm (8.5%), 2–4 mm (24.4%),
6 Matter 5, 1–27, January 5, 2022
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4–6 mm (29.7%), 6–8 mm (18.1%), 8–10 mm (13.8%), 10–12 mm (4.1%), and 12–14 mm

(1.9%), were distributed in the throat, trachea, and lung lobes without significant dif-

ferences at both 5 min and 6 h after inhalation, while other size groups displayed

inhomogeneous distribution, presenting either obvious sedimentation in the upper

or lower respiratory tracts (Figure S4D). Importantly, 6 h after inhalation, systemic

distribution of nanovesicles was observed in liver, kidney, spleen, and heart,

implying potential systemic risk of these nanovesicles on captured viruses. Mean-

while, it was found that the degree of dispersion of the microspheres in PBS was

almost the same at 10 and 60 min, suggesting the possibly satisfactory uniformity

of iAE-PMS in lung (Figure 1F). Meanwhile, this iAE-PMS showed a physical spherical

shape with sizes mainly of 10–15 mm (Figures 1H and 1J), and 44.36% of the holes on

the microspheres were distributed in diameters of around 2 mm (Figures 1I and 1K).

Furthermore, we then plotted the degradation curves of PMS and iAE-PMS in

different cultures, and the results showed that, at the 15th day, the degradation of

PMS and iAE-PMS was more than 65.68% in the RPMI 1640 medium and 95.12%

in alveolar lavage fluid (Figures 1L and 1M). In addition, the stability of the protein

ACE2 in soluble form or iAE-PMS was determined. It was noted that the concentra-

tions of ACE2 alone or in iAE-PMS had no significant change at �80�C over 5 days,

but at 37�C storage iAE-PMS significantly protected more ACE2 bioactivity from

degradation (Figure 1N).

Biocompatibility and biodistribution of the inhalable microspheres

To evaluate the biocompatibility of iAE-PMS on the lung, we treated iAE-PMS to flu-

orescently labeled lung fibroblasts. It is shown that appropriate concentrations in the

range of 0–2.0mg/mL of iAE-PMS rarely threaten the survival of lung fibroblasts after

7 days of co-culture (Figure S5). In addition, over the course of 7 days culturing, few

dead cells were observed and the cell density increased gradually, while the cell

viability remained above 90% in all three groups, which confirmed the harmlessness

of iAE-PMS to lung fibroblasts (Figures 2A and 2B). Moreover, iAE-PMS at all time

points showed no influence in proliferation activity and cell viability following the re-

sults of the CCK-8 test. It was shown that the absorbance of the iAE-PMS group

increased from 0.36 on day 1 to 1.48 on day 7 and showed no significant difference

among the groups (Figure 2C). To evaluate the biodistribution of iAE-PMS, fluores-

cence labeled PMS and iAE-PMS were tested using in vivo fluorescence imaging. As

shown in Figure 2D, luminescent radiance was significantly higher in lung

inhaled iAE-PMS after 6 h (1.57 G 0.13 3 1010 p/s/cm2/sr) compared with heart

(0.18 G 0.02 3 1010 p/s/cm2/sr), liver (0.17 G 0.01 3 1010 p/s/cm2/sr), spleen

(0.17 G 0.01 3 1010 p/s/cm2/sr), and kidney (0.18 G 0.02 3 1010 p/s/cm2/sr). To

further identify the extent of distribution throughout the lung using iAE-PMS, we

dissected lung into five constituent lobes and revealed that uniform luminescence

was achieved in all lobes of the lung (Figure 2E). Importantly, our data showed

that the iAE-PMS achieved distribution among the upper respiratory tract, trachea,

and all lobes of the lung, indicating its capacity for viral capture throughout the

entire respiratory tract.

The degradation and clearance of iAE-PMS with high captured SARS-CoV-2 loads

are related to the final therapeutic outcome as well as whether the viral loads and

viremia could be really reduced. Therefore, the upper respiratory tract was dissected

and stained for respiratory cilia. It was confirmed that iAE-PMS in the upper respira-

tory tract were effectively captured by the cilia, implying that iAE-PMS, as well as

captured viruses, could be excreted mechanically via the actions of cilia and cough-

ing. This method of degradation is likely to reduce upper respiratory viral

loads effectively and slow the spread of the virus among the population. Next, we
Matter 5, 1–27, January 5, 2022 7



Figure 2. Biocompatibility characterization and biodistribution of the inhalable microspheres

(A and B) Representative images (A) and quantitative analysis (B) of viable and nonviable lung fibroblast stained by fluorescein diacetate/ethidium

bromide after treatment (n = 3). Scale bar, 20 mm.

(C) Cytotoxicity of PMS and iAE-PMS on lung fibroblast examined with CCK-8 (n = 3).

(D) In vivo fluorescence imaging of PMS and iAE-PMS in the indicated organs 6 h after inhalation and quantitative assessment (n = 6).

(E) Biodistribution of PMS and iAE-PMS in different lung lobes 6 h after the inhalation and quantitative assessment (n = 6).

(F) The capture of inhaled iAE-PMS by ciliated epithelia in the upper respiratory tract of mice. Scale bar, 5 mm.

(G) Confocal microscopy image of Raw 264.7 macrophages stained for DAPI (blue) and lysosomes (green) co-incubated with Dil-labeled iAE-PMS (red)

for 24 h. Scale bar, 5 mm.

Student’s t test and two-way ANOVA with a Tukey post hoc test for multiple comparison were performed. n.s., not significant. Values are mean G SEM.
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co-incubated iAE-PMS with macrophages to evaluate the method of clearance of

iAE-PMS inside alveoli (Figure 2F). After 24 h co-incubation, it was shown that

most iAE-PMS were taken by macrophages and presented obvious colocalization

with the lysosome, and decomposed by enzymatic hydrolysis.

iAE-PMS attenuated COVID-19 infection in vitro and in vivo

After determining the successful construction of HEK293-ACE2 cells and iAE-PMS,

we sought to assess their antiviral efficacy in in vitro experiments. To visualize the ef-

ficacy of infection, we used pseudoviruses loaded with enhanced green fluorescent

protein (EGFP) to mimic the process of coronavirus infecting cells. To be more pre-

cise, pseudoviruses carrying SARS-CoV-2 S proteins, which mediate viral entrance

into target cells, exhibit high similarity of infection effectiveness to the native

SARS-CoV-2 viruses.43 Previous studies have shown that the overexpression of

ACE2 could promote the cell entry of both SARS-CoV-2 and pseudoviruses.44 The

pseudoviruses were added separately to the HEK293-ACE2 cells, PMS, HEK293-

ACE2 vesicles, M1 vesicles, and iAE-PMS experimental groups (Figure 3A). In the

control group, we observed the accumulation of green pseudoviruses matching

for the position of cells by application of fluorescence microscopy, which implied

that pseudoviruses efficiently infected HEK293-ACE2 cells, rather than being a

false-positive phenomenon. Fluorescent images after incubation showed that there

was little specific EGFP-positive signal in both the HEK293-ACE2 and iAE-PMS

groups when compared with the control. This indicated that HEK293-ACE2 vesicle

and iAE-PMS significantly inhibited the infectivity of pseudoviruses, with the dramat-

ically decreased transduction of pseudoviruses. However, the PMS and M1 vesicle

groups displayed weak antiviral activity (Figure 3A). The protective rate of SARS-

CoV-2 infection, represented by the proportion of cells without EGFP (green), was

further quantified (Figure 3C). HEK293-ACE2 vesicles and iAE-PMS, respectively,

enhanced the protective rate of SARA-CoV-2 infection to 85.56% and 88.13%,

with about 9.52- and 9.81-fold increases in comparison with the control group. On

the contrary, only about 15.17% of uninfected cells remained in the PMS and M1

vesicle groups. This demonstrated that iAE-PMS, with high-level ACE2 displayed

on the surface, competitively inhibited viral infection. Similarly, flow cytometry anal-

ysis suggested that iAE-PMS significantly reduced the SARS-CoV-2 virus infection

efficiency from 91.33% to 9.28% (Figures 3B and 3D), showing the potent antiviral

effects of iAE-PMS on lung epithelia. To determine the dosage-dependent antiviral

efficiency, the iAE-PMS dose-infection protective rate curve was conducted by fluo-

rescence counting and flow cytometry. As shown in Figure S6, up to 0.8mg/mL, each

increase of iAE-PMS concentration can improve its infection protective rate. Howev-

er, this significant increase disappeared after a dose of 0.8mg/mL, suggesting that it

can be the appropriate therapeutic dose of iAE-PMS, carrying ACE2 functional pro-

tein at 17.59 mg/mL. These findings support the hypothesis that susceptibility to

infection by SARS-CoV-2 is governed by expression of ACE2. There is no cellular

content inside the iAE-PMS, so that the captured virus cannot inject or replicate it-

self. Therefore, iAE-PMS with high expression of ACE2 can competitively block

the invasion of SARS-CoV-2 into host cells, and may even achieve virus capture in

the respiratory tract at an early stage of COVID-19 to slow the public transmission.

To investigate the therapeutic potential of iAE-PMS in vivo, hACE2 mice were inoc-

ulated intranasally with SARS-CoV-2-EGFP at a multiplicity of infection of 50 per

mouse. Meanwhile, iAE-PMS, PBS, or PMS were inhaled (Figure S7). At 1 and

7 days post-infection, immunostaining of mouse lung section was examined

(Figure 3E). iAE-PMS administration significantly decreased the viral load in alveolar

epithelia at both 1 and 7 days after infection (Figure 3F). Quantitatively, the infection

rate, as indicated by percent of EGFP in the control and PMS groups was 30.21% and
Matter 5, 1–27, January 5, 2022 9



Figure 3. Inhaled ACE2-engineered porous microsphere attenuated COVID-19 infection in vitro and in vivo

(A) Pseudoviruses carried enhanced green fluorescent protein (EGFP), and the effects of PMS, HEK293-ACE2 vesicles, M1 vesicles, and iAE-PMS on

pseudoviruses infection were observed using fluorescence microscopy on ACE2-overexpressing HEK293 cells. Scale bar, 50 mm.

(B) Counts of fluorescence intensity in control group, PMS, HEK293-ACE2 vesicles, M1 vesicles, and iAE-PMS groups were detected using flow

cytometry on lung epithelia.

(C) The protective rate of SARA-CoV-2 infection from quantitative analysis of fluorescence of pseudoviruses according to (A) was calculated.

(D) The protective rate of SARA-CoV-2 infection from quantitative analysis of flow cytometry according to (B) was calculated.

(E) Illustration of SARS-CoV-2 infection in hACE2 mice.

(F) Immunofluorescence staining of paraffin sections of mouse lung for pseudotyped SARS-CoV-2-EGFP (green) and DAPI (blue) in healthy, control,

PMS, and iAE-PMS groups. Scale bar, 100 mm.

(G) EGFP percent from quantitative analysis according to (F) was calculated (n = 6). Student’s t test was performed. **p < 0.01; n.s., not significant. Values

are mean G SEM.
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33.56%, respectively, compared with that in the iAE-PMS group, which was

decreased to 10.54% 1 day after infection. In addition, the iAE-PMS group alsomain-

tained a significantly lower infection rate 7 days after infection than that of control
10 Matter 5, 1–27, January 5, 2022
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Figure 4. Inhaled ACE2-engineered porous microsphere inhibited cytokine storm factors

(A-C) Residual IL-1b (A), IL-6 (B), and TNF-a (C) concentration of supernatant in PMS- and iAE-PMS-treated groups (n = 3).

(D) Apoptotic rate was quantified from alveolar epithelial cells in a simulated hyperinflammatory environment treated with different groups (n = 3).

(E) Relative mRNA expression of TNF-a, IL-6, IL-1b, iNOS, and MMP3, as well as MMP9 treated with PMS and iAE-PMS, were measured using a control

group as a reference at the 1st, 4th, and 8th days after co-culture (n = 3).

Student’s t test was performed. *p < 0.05, **p < 0.01; n.s., not significant. Values are mean G SEM.
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and PMS groups, suggesting iAE-PMS as a potential means of lung-targeting inhibi-

tion of SARS-CoV-2 infection (Figure 3G). Nevertheless, it should be noted that,

although most current therapies for viral entry prevention, such as vaccination and

administration of neutralizing antibodies, suppress alveolar viral loads and lung

damage, robust infection can also be observed in the upper respiratory tract, espe-

cially nasal turbinates. Further experiment confirmed the decreased upper respira-

tory tract infection rate of SARS-CoV-2 in the iAE-PMS group when compared with

the PMS or PBS groups, suggesting that inhalation of iAE-PMS indeed protected

the upper respiratory tract against SARS-CoV-2 infection for 3 days (Figure S8).

Recently, interim results from SARS-CoV-2-specific neutralizing antibody therapy

suggested the provocative ability to reduce viral load in patients in the mild-to-mod-

erate early stages of infection. However, the level of the reduction is limited, and the

benefit to patients and whether it reduces the risk of transmission need to be further

studied.45,46 Apparently, genetically engineering ACE2 on iAE-PMS is proposed to

be more competitive and targeted. Nanovesicles, displaying high-level ACE2, were

demonstrated to be nano-decoys that significantly intercepted viral replication and

infection. However, cell membrane-derived vesicles are prone to membrane fusion,

thereby transferring residual pathogens to host cells. The membrane-coated nano-

structures solve this problem and stabilize the lipid membrane shell due to the ad-

vantages of the structure, which is conducive to in vivo application.26 In addition,

iAE-PMS has no internal cellular mechanism, so the virus cannot replicate itself,

ensuring safety.

The immunomodulatory properties of iAE-PMS

For the treatment of COVID-19, in addition to inhibiting direct infection of SARS-

CoV-2, fulminant inflammation is also a key point that cannot be ignored and is

the key to save the lives of critically ill patients. In response, specific monoclonal an-

tibodies against IL-6 and GM-CSF have been designed, but the inhibition of the in-

flammatory cytokine storm remains challenging due to the diversity of targets and

cytokine interactions.47 To further verify the ability of iAE-PMS to neutralize inflam-

matory cytokines, we used inflammatory mixture solutions containing 50 ng/mL IL-

1b, 25 ng/mL IL-6, and 50 ng/mL TNF-a for incubation with iAE-PMS. After removing

iAE-PMS from the supernatant, the remaining cytokines were quantified by ELISA.

Through the quantified residual cytokines involving IL-1b, IL-6, and TNF-a in the

mixture solutions, we found that the remaining concentrations of these cytokines

were decreased as the concentration of iAE-PMS increased, but not by PMS, the

adsorption efficiencies of which were 53.64% G 4.52%, 95.41% G 6.57%, and

76.83%G 6.15%, respectively (Figures 4A–4C). To evaluate the adsorption capacity

of iAE-PMS for inflammatory factors in a time series, the IC50 concentrations of iAE-

PMS at 0.8, 0.5, and 0.5 mg/mL were selected for co-incubation with IL-1b

(50 ng/mL), IL-6 (25 ng/mL), and TNF-a (50 ng/mL), respectively. As shown in

Figure S9, iAE-PMS could effectively reduce the concentration of inflammation in

the supernatant compared with the PMS group. Meanwhile, the residual factor con-

centration of supernatant showed no significant difference between any time points

during the detection time from 6 to 96 h, indicating the firm adsorption of inflamma-

tory factors based on the ligand-receptor force and will not obviously release from

the iAE-PMS again. Actually, the cytokine storm is closely associated with lung injury
12 Matter 5, 1–27, January 5, 2022
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caused by SARS-CoV-2. We therefore evaluated the capability of iAE-PMS to inhibit

apoptosis induced by cytokines in alveolar epithelial cells. Both the control group

and PMS group displayed a higher apoptosis rate in the alveolar epithelial cells,

whereas co-culture with iAE-PMS reduced this value to 38.73% (Figure 4D). These

results suggest that iAE-PMS treatment can effectively interfere with the activated

inflammatory state.

As far as we know, macrophages form an important part of the pathogenesis of

SARS-CoV-2 infection and the hyperinflammatory response.48 Therefore, we further

investigated representative expression of macrophages after various treatments as

indicated, and utilized M0 macrophages incubated with inflammatory mixture solu-

tions as the control group. Strikingly, we measured the relative expression of

different cytokines (IL-1b, IL-6, TNF-a, iNOS, MMP3, and MMP9) using the mRNA

level of the control group as a reference, as assessed with quantitative real-time

PCR. The levels of mRNA of these cytokines in the PMS group fluctuated around

the baseline of the control group, but both mRNA levels were basically similar. In

contrast, the mRNA levels of all these cytokines in the iAE-PMS group significantly

decreased and lasted for a long time (about 5 days) (Figure 4E). iAE-PMS inhibits

the inflammatory cytokine storm by effectively absorbing a great number of inflam-

matory cytokines, protects alveolar epithelial cells, and reduces the proportion of

apoptosis. Above all, we proved that iAE-PMS had the dual functions of competi-

tively inhibiting virus-infected cells and adsorbing inflammatory cytokines.

iAE-PMS alleviated acute lung injury caused by pneumonia in vivo

To mimick this inflammatory response, we established the acute lung injury (ALI)

mice model triggering the most severe form of COVID-19 symptoms by LPS inhala-

tion, and further verified the function of iAE-PMS on an animal level.49 The edema,

prominent proteinaceous exudates, and vascular congestion presented in the

control group were greatly alleviated by iAE-PMS inhalation, with evidently reduced

inflammatory exudation, suggesting a therapeutic effect (Figure 5A). Fever is classi-

cally defined as an upregulation in body temperature after injury or inflammation,50

while a recent study claimed that higher temperature in patients with acute respira-

tory distress syndrome (ARDS) had lowermortality.51 Unlike the above two views, our

results showed that, although the degree of lung injury varied greatly in these

groups, no significant fluctuation of body temperature was observed (Figure 5B).

Further evaluation of lung function observed that respiration rate in the iAE-PMS

group was 25.76% and 29.83% lower than the other two groups at 24 and 72 h after

ALI (Figure 5C).52,53 Next, we assessed the inflammation status on the histological

level. The white blood cell count in the iAE-PMS group was the lowest among the

three groups, and the difference was even more obvious as time progressed

(Figure 5D). Alveolar wall incrassation and alveolar cavity disappearance, present

in control and PMS groups, were alleviated by iAE-PMS. At higher magnification,

relieved congestion, accumulation of intra-alveolar fibrin, and infiltration of inflam-

matory cell were observed in mice who received iAE-PMS (Figures 5E and 5F). In

line with the regional microenvironment, CD3+ and CD19+ lymphocytes in spleen

and lymph nodes were also downregulated by iAE-PMS, indicating its therapeutic

benefits in both lungs and in the larger immune system (Figures 5G and 5H). Next,

we characterized the concrete inflammatory microenvironment by flow cytometry

in spleen and lymph nodes. As shown in Figure S10, activated CD3+ T cells and

CD19+ B cells at percentages of 57.12% G 4.53% and 20.55% G 2.16% in the con-

trol group were all lowered to normal levels by iAE-PMS to 26.51% G 2.77%, and

9.16% G 0.77%, respectively. Specifically, as cytotoxic T cells, CD8+ CTL cells

were significantly recruited and activated in ALI and ARDS, promoting inflammatory
Matter 5, 1–27, January 5, 2022 13



Figure 5. iAE-PMS alleviated lung injury and inflammatory responses in both lung and immune organs

(A) Morphological changes in the lungs of mice in healthy, control, PMS, and iAE-PMS groups.

(B) Body temperature of mice in healthy, control, PMS, and iAE-PMS groups at 24 and 72 h after treatment (n = 3).

(C) Respiration rate of mice in healthy, control, PMS, and iAE-PMS groups at 24 and 72 h after treatment (n = 3).

(D) Counting of white blood cells (103/mm3) in the peripheral blood of mice in healthy, control, PMS, and iAE-PMS groups at 24 and 72 h after treatment

(n = 3).

(E and F) Histopathological analysis of lung tissues 24 h (E) and 72 h (F) after ALI induction in healthy, control, PMS, and iAE-PMS groups. Scale bar,

100 mm.

(G) Representative immunofluorescence images showing CD3+ and CD19+ cells in pulmonary lymph nodes of mice in healthy, control, PMS, and iAE-

PMS groups. Scale bar, 250 mm.

(H) Representative immunofluorescence images showing CD3+ and CD19+ cells in spleen of mice in healthy, control, PMS, and iAE-PMS groups. Scale

bar, 250 mm.

Student’s t test was performed. *p < 0.05, **p < 0.01; n.s., not significant. Values are mean G SEM.
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injury on healthy tissues.54 We observed that the percentage of CD8+ cells was

reduced to 16.33% G 1.52% by iAE-PMS as compared with 37.68% G 3.15% in

the control group. Notably, Foxp3+ Treg cells sustain the homeostasis of inflamma-

tion in the body to prevent inflammatory responses against healthy tissues, and

restoration of them could suppress the inflammatory storm and alleviate lung injury

in ARDS mice.55 Compared with 1.77% G 0.02% in control and 1.72% G 0.02% in

PMS groups, Foxp3+ Treg cells were restored by iAE-PMS to 7.86% G 0.51%,

even higher than the healthy controls. Meanwhile, similar effects of iAE-PMS in

lymph nodes further confirmed it as an effective regulation of systemic immune ho-

meostasis (Figure S11). Moreover, on a molecular level, the presence of TNF-a, IL-6,

and IL-1b in iAE-PMS group was reduced by 39.46%, 52.76%, and 61.21% at 24 h

and 51.77%, 75.08%, and 53.97% at 72 h after ALI induction, which are inflammatory

factors strongly associated with ALI outcome that could be used for enrolling

COVID-19 patients into clinical trials, or for better monitoring of the condition of

patients (Figures 6A–6D).56,57 Notably, increased expression of IL-6 can induce

cytokine storms and lung dysfunction in these patients, suggesting the therapeutic

potential of IAE-PMS in treating COVID-19.58 Meanwhile, the expression of these in-

flammatory factors showed no significant difference between control and PMS

group. Besides, TNF-a, IL-6, and IL-1b served as representative cytokine-binding re-

ceptors on the membranes of M1 macrophages, suggesting that iAE-PMS inherited

the biological characteristics of the M1 source cells and served an anti-inflammatory

role. To characterize the inflammation status more comprehensively, we broadly

measured messenger RNA expression of proinflammatory cytokines (Figure 6E).

Considering that the alveolar basement membrane is mostly type IV collagen,

MMPs are likely to be involved in the accelerated degradation of the extracellular

matrix, and remodeling occurs in ALI and COVID-19.59 Our data showed a great

downregulation of these proinflammatory factors and cytokines in the iAE-PMS

group than in other groups by multiplex real-time PCR, suggesting that the inflam-

matory cascades in the ALI model were greatly alleviated by iAE-PMS.

Following these findings, we extracted bronchoalveolar lavage fluid (BALF) for flow cy-

tometry sorting (Figure 7A). To characterize the infiltration under the above-mentioned

inflammatory cytokines in BALF, we investigated infiltrated inflammatory cell types and

distribution within the BALF (Figure 7B). Strikingly, compared with the control group, all

CD45+, CD4+, CD8+, CD11c+, CD19+, F4/80+, Ly6G+, and CD56+ cells in BALF repre-

sented reduced infiltration in the iAE-PMS group at 24 h by 50.41%, 60.23%, 31.52%,

17.89%, 40.45%, 53.87%, 63.82%, and 22.13%, respectively (Figure 7C). This ratio

became 57.52%, 60.54%, 36.71%, 27.15%, 46.33%, 61.07%, 44.31%, and 18.27% at

72hafterALI. The recoveryof lymphocytecounts towardnormal levels indicates theben-

efits of iAE-PMS in suppressing the cytokine storm and normalizing the lung immune

microenvironment. Likewise, this return of lymphocyte counts alsowas a strong indicator

of clinical improvement in COVID-19 patients, and was used to predict the status of the

disease and survival in these patients.60,61

Next, we utilized immunofluorescence to histologically represent this infiltration in

lung biopsies, confirming the extensive alleviation of inflammatory infiltration after

treatment with iAE-PMS (Figure 8A). Under high-power field of view, we observed

that the CD3+, CD8+, and Ly6G+ cell counts showed a remarkable drop in the

iAE-PMS group (Figures 8B and 8C). These results further confirmed that iAE-PMS

could decrease lung damage dominated by neutrophils and cytotoxic T cells. More-

over, although we did not block some certain inflammatory pathways involved in ALI,

utilizing the cell membrane for a comprehensive anti-inflammation strategy was

proven to be feasible. To further evaluate the therapeutic dynamics of iAE-PMS,
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Figure 6. iAE-PMS suppressed the expression of proinflammatory cytokines

(A–C) Immunohistochemistry of IL-1b (A), IL-6 (B), and TNF-a (C) expression within lung tissues at 24 and 72 h after treatment in healthy, control, PMS,

and iAE-PMS groups. Scale bars, 50 mm (top) and 10 mm (bottom).

(D) Positive ratio per high power field (HPF) of IL-1b, IL-6, and TNF-a within lung tissues 24 and 72 h after treatment in healthy, control, PMS, and iAE-PMS

groups (n = 3).

(E) Messenger RNA expression of proinflammatory cytokines by multiplex reverse transcriptase-PCR assay at 24 and 72 h after treatment (n = 3). The

heatmap displays the relative expression level in control, PMS, and iAE-PMS groups compared with the expression in the healthy group.

Student’s t test was performed. *p < 0.05, **p < 0.01; n.s., not significant. Values are mean G SEM.
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Figure 7. iAE-PMS downregulated the infiltration of inflammatory cells in bronchoalveolar lavage fluid

(A) Illustration of bronchoalveolar lavage fluid (BALF) extraction and further flow cytometry sorting.

(B) Gating strategies for the sorting of inflammatory cells in BALF.

(C) Percent of CD45+, CD4+, CD8+, CD11c+, CD19+, F4/80+, Ly6G+, and CD56+ cells in BALF of healthy, control, PMS, and iAE-PMS groups 24 and 72 h

after induction.

Student’s t test was performed. *p < 0.05, **p < 0.01; n.s., not significant. Values are mean G SEM.
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wet/dry weight ratio of lungs at different time points was measured. The iAE-PMS

group presented a smooth polyline, suggesting that iAE-PMS greatly suppresses

the edema, inflammatory infiltration, and prominent proteinaceous exudates in

ALI, which is consistent with the decreased ALI relative score (Figures 8D and 8E).

Subsequently, the effect of iAE-PMS was quantified in an ALI mice cohort recording
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Figure 8. iAE-PMS broadly reduced inflammatory cells in lung tissues and relieved symptoms of ALI, improving the survival ratio

(A) Representative immunofluorescence images in low power field (LPF) showing CD3+, CD68+, and Ly6G+ cells in the lungs in healthy, control, PMS, and

iAE-PMS groups. Scale bar, 2 mm.

(B) Representative immunofluorescence images in HPF showing CD3+, CD68+, and Ly6G+ cells in lungs of healthy, control, PMS, and iAE-PMS groups.

Scale bar, 50 mm.

(C) Counting of CD3+, CD68+, and Ly6G+ cells per LPF in healthy, control, PMS, and iAE-PMS groups (n = 6).

(D) Wet/dry weight ratios of lungs 6, 12, 24, 48, and 72 h after ALI induction in healthy, control, PMS, and iAE-PMS groups (n = 6).
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Figure 8. Continued

(E) ALI relative score of ALI mice in control, PMS, and iAE-PMS groups at 12, 24, and 72 h (n = 6).

(F) Percent survival curve of mice in sham (healthy), control, PMS, and iAE-PMS groups (n = 3).

Student’s t test and Kaplan and Meier method for survival comparison were performed. *p < 0.05, **p < 0.01; n.s., not significant. Values are

mean G SEM.

ll

Please cite this article in press as: Wang et al., Inhaled ACE2-engineered microfluidic microsphere for intratracheal neutralization of COVID-19
and calming of the cytokine storm, Matter (2021), https://doi.org/10.1016/j.matt.2021.09.022

Article
a percent survival curve. As expected, the iAE-PMS increased the survival ratio from

22.76% in the control group to 58.53% at 7 days after LPS induction (Figure 8F). Our

data indicate that iAE-PMS could greatly slow the progression of inflammatory

symptoms in ALI but could not reverse them. The combination of iAE-PMS with other

treatments might achieve better therapeutic effect, for which further investigation is

needed. Besides, taking advantage of the lipid-like structure, more functional li-

gands can be introduced to the iAE-PMS system through lipid insertion or mem-

brane hybridization, which can exert better therapeutic function and even reverse

the ALI progression.62,63

Conclusions

In summary, we have developed an inhaled modular microfluidic microsphere aero-

sol as a viral and cytokine neutralization strategy for management of COVID-19. By

harnessing a genetically engineered membrane from highly expressive ACE2 recep-

tor cells and proinflammatory macrophages, we fabricated dual camouflaged meth-

acrylate hyaluronic acid hydrogel microspheres, which inherited the antigenic exte-

rior of the source cell, including ACE2 and various cytokine receptors. The inhaled

iAE-PMS exhibited distribution throughout the whole respiratory system, including

nasopharynx, trachea, and alveolus. The inhaled aerosol effectively competes with

SARS-CoV-2 binding, averting it away and precluding its attack on naturally targeted

cells not only in the alveoli but also in the whole respiratory tract, both in vitro and

in vivo. In addition, instead of current anti-cytokine agents that inhibit certain tar-

gets, iAE-PMS offers a function-driven and wide-spectrum neutralization that calms

the cytokine storm. It has been proved that inhalation of iAE-PMS elicited appro-

priate whole respiratory distribution, thus enabling timely virus blockage and inflam-

matory cytokine neutralization, as demonstrated by the impaired viral infection,

shifting the landscape of lung-infiltrated immune cells, and effectively alleviating

the hyperinflammatory state in draining lymph nodes and spleen. Overall, our results

suggest a powerful synergic strategy for the treatment of patients with severe

COVID-19 via non-invasive selective lung-localizing atomization administration.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Wenguo Cui (wgcui80@hotmail.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

This study did not generate custom code, software, or algorithms.

Synthesis of HAMA

HAMA was synthesized by hyaluronic acid (Sigma-Aldrich) with methacrylic anhy-

dride (Sigma-Aldrich) through the esterification reaction based on a previous

study.64 In brief, 1 g hyaluronic acid was added into 60 mL Dulbecco’s PBS contain-

ing 30 mL DMF and fully dissolved at 60�C overnight. Then 8 mL methacrylic
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anhydride was slowly dropped into the mixture under continuous electromagnetic

stirring, together with a suitable volume of NaOH solution to maintain the pH at 8

to 9. Completely adding methacrylic anhydride, the reaction was further processed

in an ice bath for 24 h at N2 atmosphere. Afterward, the mixture was diluted with

5-fold iced ethanol for product precipitating. The sediment collected with centrifu-

gation was dissolved in water and further dialyzed against ultrapure water for 5 days,

following lyophilization and storage at �80�C.

Proinflammatory macrophages induction

LPS (100 ng/mL) and INF-g (20 ng/mL) were administrated to co-incubate with

Raw264.7 macrophages for 24 h at 37�C, aiming to induce the proinflammatory

phenotype. After inducing, proinflammatory macrophages were washed with 13

PBS three times to remove the inducer and other components.

Preparation of nanovesicles

After washing with 13 PBS three times, HEK293-ACE2 and Raw264.7 cells were

collected by centrifuging at 800 3 g for 5 min and sonicated in a capped glass

vial for 3 min using a FS30D bath sonicator (Fisher Scientific) at a frequency of 42

kHz and power of 100 W. Then the cell membranes were lysed overnight at 4�C in

hypotonic lysis buffer and collected by centrifuging at 20,000 3 g for 25 min at

the same temperature as before. Following the centrifugation, the supernatant

was collected and centrifuged again at 100,000 3 g for 35 min, after which the pel-

lets containing the membranes were collected, washed with water supplemented

with EDTA. A Bradford reagent was used to quantify the membrane content and

then the membranes were stored at 4�C. The resulting membranes (HEK293-

ACE2 and Raw264.7 membranes) were mixed at a membrane protein weight ratio

of 1:1, and sonicated for 5 min to allow their fusion. Then, the products were

extruded through 100-nm pores on a micro extruder.

Preparation of inhaled ACE2-engineered microfluidic microsphere

The inhaled ACE2-engineeredmicrospheres were prepared using a custom-built mi-

crofluidic device, as described previously. In brief, 500 mg lyophilized HAMA was

fully dissolved in 10 mL of PBS containing 0.05 g photo-initiator used as the internal

aqueous phase. Thenparaffinoil with 5% (w/w) Span80 (Sigma-Aldrich) was served as

the continuous oil phase to stabilize themicrospheredroplets generatedby the shear

stress. Both aqueous and continuous oil phases were slowly injected into the micro-

fluidic device adjusted at flow rates of 15 and800mL/h, respectively. Then, themicro-

fluidic microspheres immersed in paraffin oil were further transported to the 10 cm

cell culture disk and were crosslinked upon exposure to a blue light irradiation at a

wavelength of 365 nm for 30 s. Afterward, the solidified hydrogel microspheres

were drawn into each centrifugal tube, followed by washing with acetone and 75%

alcohol repeatedly to remove the oil and surfactant. Finally, to coat the HAMAmicro-

spheres with HEK293-ACE2 and Raw264.7 membranes, hybrid membrane vesicles

were incubated with HAMA microspheres for 1 h at a ratio of 2:1 (w/w). Under a fre-

quency of 50 kHz, the mixture was treated ultrasonically with a bath sonicator for

5 min. Finally, the iAE-PMS were synthesized following the procedure above. The

collected PMS or iAE-PMS were subjected to freeze drying at �60�C for 3 days

(FreeZone Liter Benchtop Freeze Dry System with Stoppering Tray Dryer, Labconco,

Missouri, USA). The dried powders were collected and stored until further analysis.

ACE2 protein yield

HEK293 cells with ACE2-engineered numbers were quantified by counting on a he-

macytometer. A million cells were harvested and lysed using cell lysis buffer. The
20 Matter 5, 1–27, January 5, 2022



ll

Please cite this article in press as: Wang et al., Inhaled ACE2-engineered microfluidic microsphere for intratracheal neutralization of COVID-19
and calming of the cytokine storm, Matter (2021), https://doi.org/10.1016/j.matt.2021.09.022

Article
lysate was collected and ACE2 protein concentration was measured using an

ARG80959 Human ACE2 ELISA Kit. The protein yield was calculated by the following

formula:

ACE2 protein yield =
M
�
ACE2 protein

�

total number of HEK293 cells ða millionÞ3100%

Quantification of the remaining LPS and IFN-g

The levels of LPS and IFN-g remaining were quantified using an ELISA assay accord-

ing to themanufacturer’s instructions (Jonln). In brief, standard PBS as the blank con-

trol, M1 vesicles, and iAE-PMS were incubated in 1 mL PBS overnight with shaking at

100 rpm. Then, the supernatants were loaded onto enzymatic standard holes and

incubated for 1 h at 37�C. The wells were washed three times with washing buffer

to remove unbound substances, and goat anti-mouse IgG conjugated to HRP

(1:10,000) was added. Plates were then processed with TMB substrate and the

stop solution, followed with the colorimetric detection at 450 nm using a BioTek Syn-

ergy plate reader (BioTek).

Degradation experiment

For the in vitro degradation experiment, 5 mg PMS or iAE-PMS was soaked into 1 mL

RPMI 1640 medium containing 0.2 U/mL collagenase or alveolar lavage fluid solu-

tion at 37�C while stirring in a shaker at 60 rpm. At each predetermined time interval

(1, 3, 5, 7, 9, 12, and 15 days), the samples were centrifuged at 2,0003 g for 20 min.

Afterward, the precipitated microspheres were washed with ultrapure water three

times to remove the nonspecific adsorption, as shown in Figure S12. After freeze dry-

ing, the samples were weighed to obtain the initial weight and the remaining weight

periodically. The degradation rate was calculated by the following formula at each

time point and the process was repeated seven times:

Degradation rateð%Þ = 1� Remaining weight of microspheres

Initial weight of microspheres
3 100%

Quantitive characterization of the coating

The CE was determined from the actual Na-K-ATPase of iAE-PMS as a percentage of

the total Na-K-ATPase, measured by ELISA. After the co-incubation of the vesicles

and microspheres, the ELISA kit was used to measure the total Na-K-ATPase of

the mixture (eBioscience). Then the mixture was centrifuged at 2,000 3 g for 2 h

to remove the free vesicles suspended in supernatant. Similarly, the content of

Na-K-ATPase of iAE-PMS was detected, and the CE was calculated as follows:

CEð%Þ = M ðactual Na� K � ATPase of iAE � PMSÞ
M ð total Na� K � ATPase of the mixtureÞ 3 100%

Similarly, the LE was characterized by ACE2, TNFR, IL-1R, and the IL-6R ELISA kit

(eBioscience), respectively.

LEð%Þ = M ðactual ACE2=TNFR=IL� 1R=IL� 6R of iAE � PMSÞ
M ð total ACE2=TNFR=IL� 1R=IL� 6R of the mixtureÞ 3 100%

In vivo distribution

In vivo fluorescence imaging was performed using an IVIS 200 small animal imaging

system (Xenogen, Alameda, CA). DID dye was used to label the nanovesicle-coated

lipophilic iAE-PMS. HAMA grafted by Cy7 was used to label PMS. Identical illumina-

tion settings (lamp voltage, filters, f/stop, field of views, binning) were used for

acquiring all images, and fluorescence emission was normalized to total efficiency.

Images were acquired and analyzed using Living Image 2.5 software (Xenogen,

Alameda).
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Physical and aerodynamic diameter of inhaled microspheres

For the physical diameter, iAE-PMS or PMS were imaged by scanning electron mi-

croscopy. Images were used to measure the geometric diameters of individual mi-

crospheres by averaging ImageJ software measurements. For aerodynamic diame-

ters, the mass median aerodynamic diameters were determined using an

Aerodynamic particle size spectrometer model 3321 (APS3321).

Cell counting kit 8 assay

To assess the cytotoxicity and proliferation of cells on PMS and iAE-PMS, the CCK-8

reagent (Dojindo, Japan) was used with PBS as the control. The plates were incu-

bated at 37�C for 4 h, following the addition of the CCK-8 reagent to culture medium

at volume ratio of 1:10 at various time points (1, 3, 5, and 7 days). Subsequently, the

mixed solution was seeded in a fresh 96-well plate against exposure to light, and the

absorbance at 450 nm was measured after 20 min using the microplate reader (Infin-

ite F50, TECAN, Switzerland).

Live/Dead staining assay

Cell viability of lung fibroblasts co-cultured respectively with PMS and iAE-PMS was

evaluated qualitatively using Live/Dead staining probes (Life Technologies, USA). In

brief, the lung fibroblasts were co-cultured with 1.5 mg/mL of PMS or iAE-PMS for 1,

3, 5, and 7 days in triplicate, using complete medium as the blank group. Then the

cells were stained with a staining dye mixture (500 mL) of calcein acetoxymethyl ester

(calcein AM) and ethidium homodimer-1 (EthD-1) incubated for 15 min at 37�C.
Finally, images of the cell morphology were obtained using a Leica inverted fluores-

cence microscope.

Pseudovirus

The SARS-CoV-2 pseudovirus was packaged according to a pseudotyping system

based on vesicular stomatitis virus (VSV) from a previously published protocol.44 In

brief, using the codon-optimized spike gene of SARS-CoV-2 fromWuhan-Hu-1 strain

(GenBank: MN908947) as a template, the plasmid was constructed using a subclon-

ing technique. Vero-E6 cells were transfected by the plasmid and, after 48 h trans-

fection, infected with the VSVdG-EGFP-G (Addgene, 31842) virus. After 24 h trans-

fection, the supernatant containing the released pseudovirus was collected,

centrifuged, and filtered and then stored at �80�C.

Inhibition of pseudotyped virus infection

HEK293-ACE2 cells were seeded previously. Before the infection, SARS-CoV-2

pseudovirus was mixed with PMS, HEK293-ACE2 vesicles, M1 vesicles, and iAE-

PMS culture medium, respectively, at 37�C for 1 h. Then the mixture was added to

the target cells, while the control group only had pseudovirus added. Fluorescence

images were obtained by fluorescence microscopy and further analyzed by flow cy-

tometry, 12 h after the incubation. In the in vivo pseudotyped virus infection, human

ACE2 mice were obtained from Nanjing Biomedical Research Institute of Nanjing

University. At the indicated time points after inhalation, pseudotyped SARS-CoV-

2-EGFP, with a dosage of half of multiplicity of infection per mouse, were intranasally

inoculated into the mice. Then, the lung and nasopharynx were collected for patho-

logical analysis.

Quantification of the cytokine-binding capacity

To verify the ability of iAE-PMS binding with inflammatory cytokines, inflammatory

mixture solutions containing IL-1b (initial concentration 50 ng/mL), IL-6 (initial con-

centration 25 ng/mL), and TNF-a (initial concentration 50 ng/mL) were incubated
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with diverse concentrations of iAE-PMS, ranging from 0.00 to 2.00 mg/mL, for

30 min. Then, iAE-PMS was eliminated from the mixtures by the centrifugation at

16,1003 g for 15 min. The remaining concentrations of these cytokines in the super-

natant were measured by TNF-aI-, IL-6-, or IL-1b enzyme-linked immunosorbent

assay kits and were fitted to form three linear curves. To determine the adsorption

capacity of iAE-PMS in a time series, 100 mL of iAE-PMS or PMS (both with initial con-

centrations of 0.8, 0.5, and 0.5 mg/mL for IL-1b, IL-6, and TNF-a) were mixed with

100 mL of IL-1b (50 ng/mL), IL-6 (25 ng/mL), and TNF-a (50 ng/mL), respectively,

and incubated for 6, 12, 24, 48, 72, and 96 h. Then, iAE-PMS or PMS were eliminated

from the mixtures by centrifugation at 16,100 3 g for 15 min at every indicated time

point. The concentrations of IL-1b, IL-6, or TNF-a in the supernatant were measured

using the IL-1b, IL-6, or TNF-a ELISA kit.

Cell apoptosis analysis

For the apoptosis assay, cells were incubated with inflammatory mixture solutions for

12 h alone, or with PMS and iAE-PMS, respectively. Then, the cells were washed

thrice with trypsin and, after treatment, they were incubated in 500 mL binding buffer

containing 5 mL of FITC-annexin V and 10 mL of phosphatidylinositol for 20 min. The

fluorescence intensity and the apoptosis rate of samples were detected and

analyzed using a BD flow cytometer.

Western blot

To determine whether various kinds of vesicles indeed modified the microspheres

together, the enrichment of critical surface proteins in the iAE-PMS were detected

by western blotting according to the existing method. In brief, samples containing

PMS, iAE -PMS, M1 vesicles alone, or HEK293-ACE2 vesicles alone were denatured

and then loaded into a 10% polyacrylamide gel. The proteins extracts were trans-

ferred to the PVDF membranes after separation by 10% sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE), and then blocked with 3% BSA

for 1 h. Subsequently they were incubated with primary antibodies at 4�C overnight,

followed by an incubation with horseradish peroxidase-coupled secondary antibody

(1:1,000, Abcam. The primary antibodies and dilution ratios are as follows: ACE2 re-

ceptor (1:100, Abcam), TNFR (1:100, R&D Systems), IL-1R (1:50, Abcam), IL-6R

(1:100, Cell Signaling Technology), and Na+/K+ ATPase (1:50, Abcam). Finally, the

membranes were visualized via Odyssey imaging system.

ALI mice model

LPS from Escherichia coli (Sigma-Aldrich) was dissolved in 0.9% saline at the final

concentration of 500 g/mL. For LPS-induced ALI, all mice were exposed to aerosol-

ized LPS in a homemade chamber connected with an air sprayer for 20 min by aero-

solized LPS (10 mg/kg). All animal experiments were approved by the Animal

Research Committee of Shanghai Jiaotong University School of Medicine, and

were carried out according to guide approved by the Ethics Committee of the Ruijin

Hospital, Shanghai Jiaotong University School of Medicine.

Inhalation treatment

Inhalation treatment of PMS or iAE-PMS was performed 6 h after the ALI model was

induced by aerosolized LPS (10mg/kg). Firstly, 10 mg iAE-PMS or PMSmicrospheres

were loaded into the powder insufflator. Then aerosolized inhalation PMS or iAE-

PMS was pumped into the tank of the electronic blower (Yuwell, 405E) with 2 mg

for one dose. Then the mask of the atomizer was placed at the mouth and nose of

mice, fixed on the head through adhesive tape. Each mouse inhaled with 5 min for

complete inhalation treatment, and finally sacrificed 24 and 72 h after treatment.
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Histology and immunostaining

Lung tissues were dissected out in PBS and then fixed in fresh 4% paraformaldehyde

for 20 min and then maintained in 50% ethanol solution. After a sucrose infiltration

series (10% and 30% in PBS; each for 12 h) at 4�C, the dehydrated tissue was embed

in optimal cutting temperature medium on the metal grids fitting the cryostat. Sec-

tions with approximately 10 mmwere collected and transferred to room temperature

slides. After treatment, the sections were blocked by 10% normal goat serum in

PBST for 1 h and then incubated in primary antibody diluted in 5% BSA in PBST over-

night at 4�C with the following primary antibodies: IL-1b (1:100, Abcam), TNF-a

(1:100, Abcam), IL-6 (1:100, Abcam), CD3 (1:100, Invitrogen), Ly6G (1:100, R&D Sys-

tems), CD19 (1:100, Abcam), and CD68 (1:100, Abcam). After washing for three

times with PBST, Alexa 488-, cyanine 3-, or cyanine 5-conjugated secondary anti-

bodies were applied and incubated for 50 min at room temperature as well as

1 mg/mL DAPI was utilized to stain nuclei. Imaging and microscopic analysis were

acquired with a Zeiss LSM 880 confocal microscope and Image-Pro Plus software

(Media Cybernetics, Rockville, MD, USA).

Quantitative real-time PCR

Total RNA of lung tissues was collected using the RNeasy Kit (QIAGEN) on the basis

of the instructions of the kit manufacturer. The RNA extracted from 1 mg was reverse

transcribed into cDNA by using GoScript Reverse Transcription Kit (Promega).

Quantitative real-time PCR was also performed by using TaqMan Gene Expression

Master Mix (Invitrogen) as well as analyzed on a Light Cycler 480 (Roche) with the

indicated primers. Relative gene expression was analyzed by DDCt method and

the following primers in Table S1 were used in this study.

Flow cytometry

Mice were euthanized by intraperitoneal injection of sodium pentobarbital (300 mg/

kg), and performed bleeding via an abdominal aortic incision to reduce blood

contamination during the acquisition of BALF. After that, trachea was separated

and being made a transverse incision for inserting a lavage catheter. After injected

with 0.5 mL of cold PBS containing 5% FBS repeatedly, BALF was collected from the

inflated lungs into the output syringe through a three-way valve. The tubes contain-

ing BALF was processed in a 3003 g centrifuge for 5 min and the pellets were trans-

ferred to a 96-well plate for fluorescent antibody staining. After red blood cell lysis

and blocking Fcg receptors with mouse anti-CD16/CD32 (BD Pharmingen), 1 3 106

cells were incubated for 15 min with the following FACS antibodies in FACS buffer:

Fixable Viability Stain 510 (BD Pharmingen), PerCP conjugated to anti-mouse CD3e

(BD Pharmingen), PE-Cy7 conjugated to anti-mouse CD19 (BD Pharmingen), FITC

conjugated to anti-mouse CD4 (BD Pharmingen), PE conjugated to anti-mouse

CD11c (BD Pharmingen), APC-Cy7 conjugated to anti-mouse CD45 (BD Pharmin-

gen), BV421 conjugated to anti-mouse CD11b (BD Pharmingen, clone M1/70),

BV480 conjugated to anti-mouse NK1.1 (BD Pharmingen), PerCP-Cy5.5 conjugated

to anti-mouse CD8a (BD Pharmingen), APC conjugated to anti-mouse F4/80 (BD

Pharmingen) and BV605 conjugated to anti-mouse Ly-6G (BD Pharmingen). Data

were collected by Aurora Flow Cytometry (Cytek) pre-gated by size and granularity

on the basis of forward and side scatter and analyzed with the software of FlowJo

v.10.0.7 (TreeStar).

Statistical analysis

The sample sizes were determined according to literature reports and experience.

All experimental results are presented as the mean G SEM and analyzed according

to Student’s t test or ANOVA with a post hoc. The value of p < 0.05 was considered
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significant. Kaplan and Meier methods were used to estimate the statistical signifi-

cance of survival curves.
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